Microtopography can have a large eff ect on fl ow processes at the soil surface and the composi on of soil water. Microtopography is o en represented by a roughness parameter in hydrological models. In areas without a strong topographical gradient, microtopography may be underes mated when accumulated in a single parameter, especially in shallow groundwater systems. This study reviews the intricate rela onships between microtopography, surface runoff , and ecohydrology in systems featuring shallow water tables. We specifi cally focus on rela ons between microtopography and runoff , impact of microtopography on response mes of shallow groundwater ecosystems, and microtopography and spa al distribu on of groundwater quality parameters and site factors. We advocate the use of microtopography in modeling approaches by examples that feature typical ecosystems with shallow groundwater under infl uence of microtopography. With a simple modeling approach, we show how microtopography could add fl exibility to the acrotelmcatotelm concept in raised bog hydrology. The classic acrotelm-catotelm concept hinders progress in understanding small scale hydrological varia ons and other ecohydrological rela ons. Furthermore, we illustrate possible self-organiza on proper es of wetlands. Finally, we show how microtopography and surface runoff aff ect the mixing of water with diff erent chemical signatures, resul ng in varia ons of the occurrence of plant species.
Surface runoff is the free fl ow of water over the soil surface and is an important term in the hydrological cycle (Beven, 2004) . Surface runoff occurs as soon as the water supplied to the soil surface cannot infi ltrate, either because it exceeds the maximum infi ltration rate or because the capacity of the vadose zone to store additional water is exceeded. Th e soil water storage capacity is mainly infl uenced by the depth of the water table, whereas sealing and crust formation at the soil surface, poor wettability of the soil matrix, and subsoil compaction infl uence the infi ltration capacity of the soil. Surface runoff caused by saturation excess and infi ltration excess are known as Dunne and Horton runoff , respectively. Surface runoff may also occur when phreatic groundwater seeps up and exfi ltrates at the soil surface (Dunne and Black, 1970) . It is evident, from the diff erent weather, soil, soil cover, and geohydrological conditions, that many features of surface runoff , such as magnitude, frequency of occurrence, and distance of overland displacement of water are diffi cult to predict (Sophocleous, 2002) .
In hilly areas, the large-scale topographical gradient is the dominant aspect in determining such surface runoff features, as is apparent from early distributed runoff models (Freeze and Harlan, 1969) and later ones such as SHE (Abbott et al., 1986) and TOPMODEL (Beven et al., 1995) . As the topographical gradient infl uences both the convergence and velocity of fl ow, a larger slope implies a larger risk of erosion (Hairsine and Rose, 1992) . Accounting for microtopography on a hillslope results in an increase of eff ective infi ltration rate with hillslope length as the downslope increase of overland fl ow depth and discharge progressively inundate the higher and more permeable parts of microtopography (Dunne et al., 1991; Th ompson et al., 2010) . In areas with a negligible large scale elevation gradient, microtopography, consisting of (ir)regular topographical features such as soil clods, crop rills, clumps of vegetation or washed on sediments, is the main factor in routing noninfi ltrating water. Representing microtopography with a roughness parameter only would misrepresent the importance of retention of water that does not fl ow but is stored in depressions to await infi ltration or evaporation (Antoine et al., 2009) . Surface runoff modeling in fl at areas received much less attention than in sloping areas, as is apparent from Microtopography impacts flow processes at the soil surface, composi on of soil water, and hence a site's ecology. Yet its model representation is often summarized in a single roughness parameter. We advocate implementa on of microtopography in modeling approaches for ecosystems that have shallow groundwater levels.
the common simplifi cation to describe surface runoff as sheet fl ow of uniform depth over a tilted rough surface in most process-based models (Beven, 2002) .
As surface runoff is an ephemeral process and typically comprises only a small fraction of average catchment discharge, neglecting it may be understandable from a quantitative point of view. However, ignoring it is inappropriate. During storm events, surface runoff provides a considerable contribution to peak discharges at the catchment scale and to inundation and ponding at fi eld scale. Moreover, even a limited amount of surface runoff facilitates fast transport of solutes, such as nutrients, pesticides, and other contaminants, and can signifi cantly contribute to surface water loading (Turtola and Jaakkola, 1995; Louchart et al., 2001; Mueller et al., 2007; van der Velde et al., 2009 van der Velde et al., , 2010 . Particularly solutes that are strongly sorbed to the top layer of soil can bypass the (un)saturated zone. Th e strong link between surface runoff and solute fate makes surface runoff in relatively fl at areas an environmentally important hydrological process.
For systems with shallow groundwater levels, wetlands that are inundated or saturated at a frequency and duration suffi cient to support vegetation adapted for hypoxia, the interaction between surface runoff , groundwater quantity and quality, and ecology is of particular interest (He et al., 2010) . Wetlands are oft en located in the lowlands of deltaic areas (e.g., of Mississippi, Rhine-Meuse, and Nile) and other coastal areas. More inland, shallow groundwater may be found in areas, adjacent to streams and rivers and in areas where groundwater fl ow is impeded. Raised bogs and fens are types of ecosystems that require wet conditions to form and are therefore characterized by shallow groundwater (Ingram, 1978; van Wirdum, 1991; Belyea and Clymo, 2001; Belyea and Baird, 2006) . A wetland's ecology is not only determined by the frequency and duration of saturation, but also by the local groundwater quality. Groundwater fl owing through the subsurface geochemically interacts with the solid matrix. With organic matter as the driving reductant, groundwater chemistry may change due to the dissolution of calcite, denitrifi cation, the dissolution of manganese and iron, and the reduction of sulfate. Th ese biogeochemical processes gradually change the chemical fi ngerprint of the groundwater from the moment of infi ltration until the moment of discharge (van Wirdum, 1991 , Mulder et al., 1995 , Klijn and Witte, 1999 , Kvaerner and Klove 2006 . As the chemical signature of groundwater depends on the geochemical characteristics and the exposure time to the soil and bedrock, classifi cations for diff erent groundwater types have been developed. For instance, van Wirdum (1991) distinguished atmocline (recently infi ltrated rain water), lithocline (old groundwater), and thalassocline (saline groundwater), based simply on the calciumchloride ratio and electrical conductivity. More elaborate water quality characterization and classifi cation methods were developed by Piper (1944 ), Stiff (1951 ), and Stuyfzand (1986 .
In systems with shallow groundwater levels, infi ltrating water, direct precipitation, and groundwater from upward seepage meet close to the soil surface, causing diff erent chemical signatures (atmocline, lithocline) to meet in the rootzone (van Wirdum, 1991; Schot et al., 2004; Cirkel et al., 2010) . A transition zone caused by mixing is formed between these two types of water. Th e resulting chemical gradients may create opportunities for very diff erent plant species and soil organisms (Sterling et al., 1984; Vivian-Smith, 1997; Peach and Zedler, 2006; Moser et al., 2007 ). An intuitively attractive explanation for the high biodiversity in wetlands with upward seepage is that the proximity of groundwater with diff erent chemical signatures off ers opportunities to plant species that diff er in ecological demands. Plants fi nd the environment to compete successfully at close distances, owing to diff erent root density profi les and growing seasons (Fig. 1, van Wirdum, 1991; D.G. Cirkel et al., unpublished data, 2011) .
Vegetation aff ects surface runoff in several ways. First, plant roots keep soil particles together and intercepting vegetation decreases the impact of rain drops, thereby preventing soil erosion caused by surface runoff (De Baets et al., 2006) . Second, vegetation Fig. 1 . Example of species preference driven by microtopography: Tussock micro-habitats [Peach and Zedler (2006) : "Patterns of species preferences for tussock micro-habitats. Each "level" is either the top (level 0), the off -tussock position (level 6), or a range of side positions (levels 1-5) 6 the top or 6 the off -tussock position. Only the 34 species that showed signifi cant spatial pattern are illustrated." With kind permission from Springer Science and Business Media].
stimulates the infi ltration capacity of the soil, through preventing sealing of the soil and increasing soil organic matter and macroporosity (Dunne et al., 1991; Abrahams et al., 2003; Weiler and Naef, 2003) leading to a net displacement of surface runoff from bare soil to vegetated patches (HilleRisLambers et al., 2001; Mueller et al., 2007) . Th ese vegetated patches are mainly found in semiarid areas where plant growth is limited by water availability. Th e increased infi ltration capacity allows the persistence of selforganized vegetation patterns, whereas the plants would die, had they been homogeneously distributed (Rietkerk et al., 2002) . Th ird, stems and other parts of plants contribute to hydraulic resistance to water fl ow, thereby delaying and impounding the water (Nepf, 1999; Holden et al., 2008) . Th e hydraulic resistance caused by vegetation depends on the size of the plants, their structural properties, plant location in the channel, and the local fl ow conditions (Green, 2005) . Th is dependency means that approaches for the defi nition of roughness and resistance formulated for macrophytes with protruding and bending stems found in streams and fl oodplains (e.g., Lane and Hardy, 2002; Luhar et al., 2008 ) cannot be applied automatically to wetlands, where vegetation has a completely diff erent structure and size relative to fl ow depth than in vegetated streams and fl oodplains (Holden et al., 2008) . Fourthly, clumps and tussocks of plants create a microtopography of their own (Peach and Zedler, 2006) . Some plant species form higher tussocks because they produce large amounts of litter that is not easily decomposed. In peat bogs, natural diff erences in peat moss growth create a hollow and ridges pattern within 10 to 30 yr from initiation of peat formation (Pouliot et al., 2011) .
It is clear that interactions between microtopography, surface runoff, groundwater quantity and quality, and vegetation are intricate and numerous. Here, we focus on the infl uence of microtopography on mass transfer processes just above and under the surface from an ecohydrological perspective in fl at ecosystems. We therefore consider (i) microtopography and runoff , (ii) microtopography and response time in shallow groundwater ecosystems, and (iii) microtopography and spatial distribution of groundwater quality parameters and site factors. We discuss these topics using published literature and selected examples to illustrate the significance of such interacting processes. We show the ecohydrological importance of considering microtopography for fl at areas with shallow groundwater.
Microtopography and Runoff
To call an area fl at, instead of sloping, is a qualitative attribute, because a soil surface's elevation varies at diff erent scales. In fl at areas, topographic features with dimensions in the range of centimeters and decimeters control storage of water at the soil surface and surface runoff , whereas in sloping areas the global gradient in elevation of the soil surface is dominant (global referring to the system scale, such as an agricultural fi eld or an area with natural vegetation). Th e demarcation between fl at and sloping areas itself, remains a relatively arbitrary choice. However, it seems logical that the size of microtopographical features relative to the global gradient is a factor in that demarcation.
In ecosystems in fl at areas with shallow groundwater, surface runoff occurs ephemerally as sheet fl ow and channel fl ow in microchannels. We distinguish it from streams, because the underlying soil may be unsaturated (Horton fl ow) or because the surface runoff occurs incidentally (Dunne fl ow). As soon as the global gradient of elevation is suffi ciently smaller than the size of local microtopography variations, a fi ll-and-spill process of depressions becomes important (Darboux et al., 2002) . Th e fi ll-and-spill process adds complexity to the fl ow pattern, as ponded depressions may merge through wetting, or separate through drying. In turn, local horizontal fl ow directions may reverse, even repeatedly, as a function of time during either a wetting or a drying sequence. Moreover, the rate of surface runoff and the quantity and timing of its discharge in the open channel or stream network may be strongly aff ected by the temporal storage of water in ponds at the soil surface.
Our focus on relatively fl at areas has implications for the modeling approach that is taken. A readable account of simplifi cations and approaches to the conservation of mass and the momentum equations is provided by Lane (1998) . In view of the commonly shallow water layer that is involved in surface runoff , the two-dimensional unsteady fl ow equations known as the Saint Venant equations, which are depth-averaged adaptations of the hydrodynamic NavierStokes equations, are suitable (Beven, 2002) . Modeling of fl ow over two-dimensional soil surfaces is challenging, both with regard to parameterization and numerically (Bates et al., 1992 (Bates et al., , 1997 Fiedler and Ramirez, 2000) . For this reason, additional simplifi cations are oft en needed to address complex surfaces with both a slope and microtopography (Tayfur and Kavvas, 1998) . Mathematical models for surface runoff over an infi ltrating surface oft en use less complex approximations of the Saint Venant equations such as the kinematic wave approximation when microtopography is neglected and the water surface slope equals the topographic slope (Morbidelli et al., 2006; Meng et al., 2008) or the diff usive wave approximation when microtopography is accounted for (Antoine et al., 2009) . When simulating water fl ow in a watershed, these models are computationally demanding. Simpler water transfer approaches can have computational benefi ts while preserving the main characteristics of the surface runoff process. When the "dead storage" (i.e., water retained at the soil surface in micro-depressions) is large compared to "live storage" (i.e., water that is detained at the soil surface in the layer of fl owing water), the development of surface runoff can be simulated well with an instantaneous water transfer algorithms instead of a two-dimensional hydraulic model (Antoine et al., 2009) . With these fast models, the eff ect of size and spatial organization of microtopography on the onset and development of surface runoff can be investigated systematically. Real topographies consist of a complex of features on macroscale, mesoscale, and microscale. Focusing on a peat bog as an example of fl at, wet ecosystems, these scales are refl ected in the small gradient of a bog from its center toward its outer boundaries, the hollows and ridges pattern that characterize parts of peat bog slopes (Belyea, 2007) , and the patterning of diff erent types of vegetation. Simulating fast runoff processes in these ecosystems with a fi ll-and-spill model (extendable with groundwater module) could therefore lead to more insight in the hydrological response of these ecosystems. In the following paragraph, we explore the use of detailed surface topography data and surface runoff concepts to model water fl ow on a raised bog.
It is possible to numerically simulate fl ow for the heterogeneous coupled groundwater-vadose zone-surface runoff system we described above to obtain an understanding of the complexities involved. Frei et al. (2010) built a model in the HydroGeoSphere code (Th errien et al., 2008) to explore the feedbacks between groundwater levels, ponding, and surface runoff in a riparian wetland with a (synthetic) heterogeneous microtopography. As was already noted, exploring such a system with a fully coupled physically based computer model comes at a price. In this case a simulation of one hydrological year could take up to 7 weeks of computation time. We illustrate an alternative approach with a simulation of depression fi lling and surface runoff on a slope of the Männikjärve raised bog in Estonia. We measured an elevation profi le from the center to the margin of the raised bog (the bog is surrounded by open water), with a length of 400 m, width 1 m and a vertical elevation drop of 1.5 m (≈0.4%). We simulated a microtopography with a spatial structure that visually matches fi eld observations of microtopography (as it was not measured). Th e random topography was generated in R Statistical Soft ware with the RandomFields package. We used an exponential covariance function for the defi nition of the semivariogram shape with a standard deviation of 5 cm and correlation length of 30 cm. This microtopography was superposed on the measured elevation profi le. We then analyzed how oft en surface runoff reached the margin of the raised bog subject to a designated rainfall forcing measured at Männikjärve bog during spring, summer, and autumn of 2009. Th e analysis was performed with an algorithm for ponding and redistribution of water (Appels et al., 2011) . For illustrative purposes, the analysis was kept simple and therefore featured no groundwater or Richards subsurface fl ow. Infi ltration and evaporation losses were assumed to occur at a constant rate throughout the entire slope during rainfall events and under ponded areas during the periods between rainfall events. At the start of the simulation all ponds at the slope were fi lled with water, originating from melting of snow cover on the bog in winter.
In Fig. 2 the rainfall and surface runoff rates are plotted together with the volume of water that is stored in the microtopography. Surface runoff occurs only when more than 80% of the available depression storage capacity of 50 mm is fi lled with water. Th is amount is plausible in the waterlogged ecosystem we investigated. We fi nd several values of surface runoff rate occurring with the same amount of water stored at the surface because of two reasons. Th e fi rst cause is the variation in rainfall rate; once a fl owpath toward the bog margin has been established through ponds fi lled with water, the surface runoff rate depends on the rainfall rate in the timestep under consideration. Second, even though the infi ltration rate was fi xed at a constant value, the cumulative water losses from pools in periods between rainfall events depend on the pools' dimensions. Deep pools, featuring a large depth/width ratio, will dry up slower than shallow pools with a small depth/width ratio. Th is, combined with a variation of area contributing excess water to each pool, leads to a change in activation of the fl owpaths on the bog over time. Th e occurrence of surface runoff becomes a function of characteristics of the rainfall sequence as well. Th e spatial diff erences are amplifi ed when we consider the whole raised bog, instead of just a thin (semi two-dimensional) profi le. Th e various morphological features of the raised bog have specifi c relations between amount of water stored at the soil surface and surface runoff rate at boundaries between morphologies. Th erefore, the total surface runoff rate of a bog will refl ect the presence of these diff erent morphological features. 
Microtopography and Response Time in Shallow Groundwater Ecosystems
As mentioned in the previous section, raised bogs are a typical example of systems with shallow groundwater levels. Raised bogs are dome-shaped and have the groundwater level typically located within a few decimeters below the ground surface (Baird et al., 2008) . Raised bogs develop from lakes or fl at marshy areas, over mineral substrates. With time, the peat progresses to a level where it is only fed by precipitation and the groundwater develops an atmocline signature. At this point the bog starts to form its dome shape. In northwestern Germany, Eggelsmann (1967) found an average dome height of 5 m for 64 raised bogs with an average diameter of 6 km. Th ese peat bodies drain horizontally by gravity to adjacent areas with lower groundwater levels. Th e integrity of these bogs is only ascertained when water is stored in the peat body in periods of a precipitation defi cit and effi ciently removed in wet periods (Tsuboya et al., 2001; Baird et al., 2008) . Th e vegetation that constitutes the raised bogs requires shallow groundwater levels to avoid consolidation and mineralization, but cannot survive prolonged periods of fl ooding. To maintain a relatively stable water table, the bog's top layer swells in response to precipitation excess, and shrinks under evaporative demand, thereby infl uencing its hydraulic conductivity, while deeper layers have a much lower hydraulic conductivity as a result of compaction despite water contents up to 90% (Rycroft et al., 1975; Rezanezhad et al., 2010) .
Th e surface topography of peatlands (Fig. 3 features examples) consists of several morphological features: pools, wet depressions with Sphagnum species and sedges (hollows), stretches of Sphagnum species (lawns), drier mounds with Sphagnum species and vascular plants (hummocks), and higher, drier areas with terrestrial vegetation (ridges) (Wallén et al., 1988; van Breemen, 1995; Belyea and Clymo, 2001 ). Hummocks and hollows have a characteristic spatial scale of 10 to 100 m 2 , and reported heights from a few centimeters to more than 50 cm. On bogs, the higher ridges can feature smaller scale compositions of lawns and hummocks, whereas on fens the ridges tend to have a more uniform small scale surface topography. In boreal to sub-arctic zones and sometimes in maritime and alpine parts of the mid-temperate zone, raised bogs are characterized by a surface pattern of pools and ridges (Belyea, 2007) . Pools form secondarily on such bogs, and the cause of their formation remains an open question. Th e width of the pools ranges from less than 1 m on sloping sites to over 100 m in fl at areas. Once formed, the topographic features are sustained by a positive feedback mechanism, in which hummocks and ridges have a higher growth rate in comparison to hollows and pools and therefore keep their elevated position in the peat bog (Sjörs, 1990; Belyea and Clymo, 2001 ). Ridge-pool patterning mainly orients perpendicular to a bog's slope and has a profound infl uence on surface runoff by determining the length and orientation of fl owpaths. In wet periods, the depression storage capacity of pools may be exceeded, leading to coalescence of pools and rapid drainage by surface fl ow (Quinton and Roulet, 1998) . In addition, microtopography increases species richness in peatlands and other wet ecosystem (Vivian-Smith, 1997; Peach and Zedler, 2006 ). An increase in species richness can directly infl uence the routing of surface runoff . It was shown by Holden et al. (2008) that Spaghnum provided a greater eff ective hydraulic roughness than peatland grasses. Variation in hydraulic roughness may have an infl uence on the convergence or divergence of surface runoff , in turn aff ecting the amount of water a neighboring patch of vegetation receives. Similar feedbacks are found in semiarid areas where vegetation patches infl uence hydraulic conductivity and direction of fl owpaths (Bergkamp, 1998; Rietkerk et al., 2002; Mueller et al., 2007) .
Th e structure and the hydraulic properties of raised bogs make a sharp distinction between the surface and the subsurface diffi cult. In the mid-twentieth century, Russian scientists therefore separated surface and subsurface processes with the acrotelmcatotelm concept to explain peatland functioning. Th e concept comprises an upper active "acrotelm" layer with a high hydraulic conductivity, storage capacity, and a fl uctuating water table and a more inert lower "catotelm" layer that corresponds to the permanently saturated main body of peat (Romanov, 1968; Ivanov, 1981) . Outside Russia, the acrotelm-catotelm concept was adopted by Ingram (1978) who considered it a fundamental concept for all understanding of the hydrology, ecology, and pedology of peatlands. Th e distinction between acrotelm and catotelm is a conceptual one, the layers cannot be separated in the sense of physical or morphometrical properties like soil horizons. Th e concept is mainly based on the position of the lowest groundwater level during a year with drought. Clymo (1984 Clymo ( , 1992 defi ned acrotelm and catotelm diff erently, by partitioning the oxic and anoxic decomposition of peat. Th is concept is oft en used in peatland decomposition and accumulation studies (e.g., Frolking et al., 2001 ). Both defi nitions were then mixed and perceived as linked , and nowadays they are used regularly in ecohydrology and peat-development modeling.
In the acrotelm-catotelm concept the raised bog is modeled with a groundwater equation based on Darcy's law and the equation of the conservation of mass. Th e acrotelm is treated as an aquifer layer, and the catotelm as an aquitard. Th e concept defi nition implies that most runoff will occur within the upper peat layer, close to or at the peat surface as groundwater fl ow, and that this layer (the acrotelm) has a hydraulic conductivity that is much larger than that of the lower catotelm layer. Reported hydraulic conductivities for the catotelm range from 10 −4 to 10 2 m d −1 (Rycroft et al., 1975; Chason and Siegel, 1986) , which sometimes raises the question of whether the catotelm acts as the aquitard or rather the underlying sediment does (Reeve et al., 2000) . In the acrotelm hydraulic conductivities are highly variable. Rosa and Larocque (2008) reported hydraulic conductivity variations that are over a factor of 44 within the upper 40 cm of the acrotelm and that may exceed values of 10 5 m d −1 (Holden and Burt, 2003a; van der Schaaf, 2004) . Hydraulic conductivities in peat also depend on the formation of methane gas bubbles that may block pores and decrease the hydraulic conductivity (Baird and Gaff ney, 1995; Beckwith and Baird, 2001 ).
Although the acrotelm-catotelm concept has broad utility, it ignores the important role of macropores and soil pipes in connecting deep and shallow parts of a peat profi le (Holden and Burt, 2003b) . All ecological, hydrological and biochemical processes and structures have to be explained by a single boundary, rendering the concept infl exible, and incapable of representing a range of ecohydrological phenomena . Th ese phenomena include heterogeneity in the structure and function of bogs, fast processes occurring near the surface, and interactions between peat growth and hydrological processes (Belyea and Baird, 2006) . Th e horizontal spatial heterogeneity found in peat properties is linked to the topographic features found in peatlands (Waddington et al., 2010) . Th is spatial variability impacts fl ow patterns over the bog (Lapen et al., 2005; Baird et al., 2008; Eppinga, 2009 ). Ronkanen and Kløve (2007) used both oxygen and hydrogen isotopes as well as conventional tracers (KBr, Kl) in tracer tests to fi nd water fl ow paths in a treatment system established on natural peatland in Finland. Th ey found that beside preferential fl ow paths, water fl ows mainly in the top of the peat layer. Th is implies that for the water fl ow dynamics in peatlands, surface fl ow processes need to be considered and that an integrated approach of surface and subsurface fl ow is desired. Considering fast and slow water movement in raised bogs by combining surface runoff and groundwater fl ow would allow to account for vegetation, related (micro)topography, and preferential fl owpaths; important three-dimensional components of peatland hydrology (Waddington et al., 2010) that cannot be fi tted into the acrotem-catotelm concept. Adding a concept capturing the eff ect of surface topography on water fl ow, as a diff erent approach to model peatland hydrology will, even with a simple approach as described in the previous section (Fig. 2) , increase the understanding of the hydrological functioning of raised bogs.
In ecosystems such as raised bogs and lowland peats, the hydrology and vegetation are adjusted to each other. Besides routing surface runoff , microtopography infl uences characteristic response times of the groundwater-surface runoff system, the relevance of which we show here by considering the groundwater system as a linear reservoir, drained by a set of parallel streams (Fig. 4) . In the reservoir, the recession of the groundwater level aft er cessation of groundwater recharge (R = 0) is a function of time (Kraijenhoff van de Leur, 1958):
where h(t) is the groundwater level (L) relative to surface water level at designated time t (T), h(0) is the initial groundwater level, and j is the reservoir coeffi cient (T), which is the time in which the groundwater level drops by a factor e −1 or by 37%.
For a phreatic aquifer domain in between two parallel streams, schematized in Fig. 4 , the equation of Kraijenhoff van de Leur (1958) is a good approximation of the reservoir parameter: Fig. 4 . Schematization of fi eld between two major streams. L is the distance between the streams, μ the phreatic storage coeffi cient, k the hydraulic conductivity, D the average thickness of the phreatic aquifer, h(0) is the initial groundwater level between the streams, and h(t) the level at designated time t during the recession period.
where L (L) is the distance between the streams (or ephemeral channels), μ (-) is the phreatic s torage coeffi cient, k (L/T) is the hydraulic conductivity, and D is the average thickness of the phreatic aquifer (L). Th e reservoir coeffi cient can be used to simulate the dynamics of the groundwater level as a function of groundwater recharge (Kraijenhoff van de Leur, 1958; Bierkens and van den Hurk, 2007) . It gives insight in the dynamics of the groundwater level: if j is small, the level reacts quickly to inputs, and if j is large, it reacts slowly. Th e j-values range from 1 d for small wet systems to 1000 d for large dry systems, depending on the hydrologic properties of the system. Examples of values of the reservoir parameter and its constituents are given in Table 1 .
At a smaller scale ( j-range less extensive), the reservoir concept is relevant for wetlands too. Small values of j imply that the groundwater level fl uctuations are small and the horizontal discharge q (L/T), proportional to h (L), will quickly fl atten out the water table. Hence, large systems (large L) that respond slowly lead to a large value of j, while highly conductive materials (coarse sand, gravel) allow groundwater to fl ow quickly and lead to a decrease of j. Th is equation suggests that geometry (L) has a larger eff ect on groundwater level response than hydraulic properties and neglects slight topographical height variations: the equation mainly emphasizes the importance of the distance between draining streams. Both the loss of storage in time and the resistance to water fl ow are proportionally related to L, therefore j depends on L 2 .
It is interesting, though, that when k and D are large, a large distance L between draining streams will be suffi cient to discharge all precipitation in wet periods. Likewise, when water fl ow in the soil is slow due to small kD, a fast discharge of precipitation can only be obtained when systems develop a small distance L between draining streams. Such streams develop by soil erosion in wet periods, when saturation excess surface runoff occurs in microchannels. Hence, kD and L are related.
In wet ecosystems, j varies considerably with the groundwater level. Th e j-function is an ecosystem feedback function as in wet periods both L and j are small and rainwater is quickly discharged, whereas in dry conditions L and j are large and water is retained. Th is feedback can be considered an example of hydrologic self-organization.
Th e surface of natural wetlands is characterized by a complex pattern of ephemeral channels and streams and intermediate higher terrain. A broad variety of patterns has been observed (Larsen and Harvey, 2011) , most of which can be conceptualized as a complex of nested systems (Fig. 5) . In prolonged wet periods, a wetland ecosystem features a small reservoir coeffi cient because the hydraulic conductivity is large and L wet is small, even though the storage coeffi cient may be higher than in dry periods, especially in peat soils. Under prolonged dry conditions (when L = L dry and hydraulic conductivity is small) the reservoir coeffi cient is large. Th is corresponds conceptually with the acrotelm-catotelm concept: the fast acrotelm fl ow is characterized by a small reservoir coeffi cient, and the slow catotelm fl ow is characterized by a large value. Th e self-organization of the system with regard to the hazards of drought and wetness are in essence captured adequately with the dependence of j on k, L, and μ.
Th e above illustration reveals that horizontal drainage distance is the key determinant of the response time of the system. In essence, the presence of nested systems of streams and channels ensure optimal growth conditions for the wetland vegetation, because these systems enable both the discharge and the storage of water under conditions where either of the two is most needed.
Microtopography and Spa al Distribu on of Groundwater Quality Parameters and Site Factors
As was mentioned in the previous section, it is plausible that complex patterns of ephemeral channels and streams in wetlands aff ect the hydrological response of the groundwater systems. However, this is not the only impact of draining channels and streams. In areas with upwelling groundwater, infi ltrating precipitation water Leur, 1958) and its constituents of two hydrological systems (Werkgroep Herziening Cultuurtechnisch Vademecum, 1988; Hendriks, 2010) . meets groundwater with a diff erent chemical signature and is diverted toward the streams. Th e volume that is characterized by the atmocline water is lens-shaped and for this reason, such water bodies are called rainwater lenses. Th e interface between atmocline water and the lithocline deeper groundwater is located deepest at the hydrological divide and monotonously becomes shallower in the direction of streams where exfi ltration occurs.
Th is general pattern, depicted by, for example, Schot et al. (2004) and Dekker et al. (2005) for fresh water systems and Eeman et al. (2011) for a rainwater lens on saline groundwater, becomes much more complicated when (small) channels convey surface runoff during a limited wet period only. In those periods, part of the infi ltrating precipitation does not fl ow toward the main streams but toward these more shallow ephemeral channels (Fig. 6 ). Close to these channels, the hydraulic gradient is directed toward the shallow draining channels (Fig. 7) , and the interface between atmocline and lithocline water becomes situated closer to the soil surface. As Fig. 6 shows, the interface cones up at places where channels drain by surface fl ow, thereby mirroring the topography of the soil surface at these places. Th e interactions described above will of course depend on the ratio of upward and downward fl uxes and the duration of high groundwater levels and consequent activation of ephemeral channels.
Ecologically, the interaction between soil surface and groundwater quality is important. Obviously, the proximity of the phreatic groundwater level is important for the availability of oxygen to plant roots, which directly, via oxygen stress (Bartholomeus et al., 2008) and indirectly, via redox processes (Hinsinger et al., 2009; Koch et al., 1990; van der Welle et al., 2008) , and the release of nutrients by mineralization (Koerselman et al., 1993) , aff ects plant species composition. In view of the diff erent chemical signatures of atmocline and lithocline water, zonation will also occur with regard to acidity, nutrient (NPK) availability, and calcium availability. An illustration of the relation between the occurrence of a plant species (Molinea caerulea Mönch) and microtopography in a wetland setting is given in Fig. 8 . Molinea, a drought and acid tolerant plant species, is clearly more abundant on the higher and thus dryer and possibly more acid ridges. 
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As was hypothesized by van Wirdum (1991) and shown by VivianSmith (1997) and Peach and Zedler (2006) , vegetation can, especially under wet conditions, respond to very subtle topography variations. Although it is clear that microtopography can significantly infl uence patterns of groundwater fl ow (Frei et al., 2010) , it proves diffi cult to pinpoint the actual driver for the distribution of plant species over a height gradient. Th is is due to the strong correlation between microtopography and important site factors such a soil moisture status, soil aeration, and pH. Moreover, the feedback between vegetation and microtopography can be self-enhancing. Molinea for instance forms tussocks due to the production of large amounts of litter that is hard to decompose and thus increases local elevation. In a groundwater fed wetland, this increase in elevation will in turn result in more aerated conditions and less infl uence of groundwater and as a result more acid conditions. Th is possibly results in competitive advantage for Molinea compared to co-occurring species adapted to wet, alkaline conditions.
Closing Remarks
In this paper, we have discussed some of the interactions between surface runoff and groundwater fl ow under the infl uence of microtopography in fl at ecosystems with shallow groundwater levels. Microtopography creates a complex spatiotemporal pattern of ponding and redistribution, which in turn results in variability of infi ltration into the soil. Microtopography also infl uences the exfi ltration of groundwater and the residence time of water in the system. Th e infi ltration and exfi ltration fl uxes of groundwater directly infl uence the dynamics of chemical transport in the rainwater lens, deeper groundwater, and in particular the transition zone between the two. Dynamics in fl uxes and chemistry impact the occurrence of vegetation, and vegetation enhances the spatial variation of soil saturation and microtopography.
Th erefore, aggregating the nested structure of microtopography into a roughness parameter hampers interpretation of the ecohydrology of fl at ecosystems with shallow groundwater levels. Despite much ecological research, the impact of fl ow and (solute) transport processes on vegetation and possible feedbacks have received little attention from the physics point of view, although the impact of, e.g., anaerobicity, and acidity on vegetation development have been demonstrated.
To deal with such complexity, both high resolution data and software tools are needed for improved prediction of surface runoff and soil surface water redistribution. Modeling the interaction between surface runoff and groundwater fl ow under the infl uence of surface complexity in a fully physical way remains a computational challenge, permitting the use of simple conceptual alternative modeling strategies. Th is type of model allows a thorough sensitivity analysis of combining several scales of spatial complexity and examines the eff ect on spatial variability of hydrological and other site factors in ecosystems with a shallow groundwater level. Th e increasing availability of detailed topographical data (e.g., LiDAR) of these ecosystems in various regions of the world allows a better investigation of the relation between topography and vegetation patterns.
Comparing measured complex topographies with synthetic ones with an increasing level of complexity will facilitate the understanding of the complex interactions governing the hydrologic responses in these ecosystems.
Fig. 8. Microtopography and relative cover of Molinea caerulea
MÖnch in a seepage dependent wetland area. Data from fen meadow reserve "Het Meeuwenkampje" in the Netherlands (Nijp et al., 2010) . Microtopography was measured with a pin-meter on a 5-to 10-cm grid. Vegetation was mapped on a 25-by 25-cm grid.
